Introduction
Scattered waves is a broader category of seismic waves, as the seismic wave change caused by geological heterogeneity in 3D space can be classified into seismic scattering (Wu and Aki, 1993) . The Earth has multi-scale heterogeneity that often means complex tectonic movement, mineral resources and geological defects, and non-uniformities at different scales can cause seismic wave scattering with different forms. Thus, in turn, nonuniformity distributions and characteristics can be inferred from scattering phenomenon, which can be viewed as a powerful tool (Eaton, 1999; Martini et al., 2001; Bellefleur et al., 2004; Wang et al., 2007 Wang et al., , 2009 Fleury and Vasconcelos, 2012; Almuhaidib and Toksöz, 2014) .
In order to utilize the properties of the scattered waves more effectively, we focus on discussing the kinematics law of seismic scattered waves based on point scattering geological model, then use it to solve the scattered wave imaging. * 2 Time-distance law of scattered waves
Time-distance equation and time-distance curve of scattered waves
Point is the basic structural unit of continuous medium, and the seismic wave propagation shows scattering form based on the signal point source hypnosis. Therefore, the manifested seismic response of point media is the nature of seismic wave propagation that means scattering is the real or fundamental outlook in the process of seismic wave propagation. For the scattering in continuous medium, interference may have destroyed some of the most basic features of scattered waves. Therefore, in order to figure out the scattering law of seismic wave in continuous medium, we must start from the scattering study of a single point.
As shown in Fig. 1 , suppose a scattering point at depth z 0 , the seismic wave with velocity v in the formation, a source at S on free surface, and a receiver at R, the length from the projection A of scattering point at free surface to source S is L (source-scattering distance), and offset SR is x. The scattered wave propagation time can be divided into two parts in 2D (Bancroft et al., 1998) : one is t S that is the travel time of the incident wave from the source S to scattering point, and the other is t R that is the travel time of the scattered wave generated from scattering point to each receiving point on the survey line. So, the time-distance equation of scattered waves in 2D as follows, where, z 0 is the depth of scattering point, v is velocity, L is source-scattering distance, and (L-x) is channelscattering distance.
There is only x is a variable in the Equation (1), so the time-distance equation meets the hyperbolic curve law. Note, t S is a constant which dependent on the ray path of receiving point for different receiving channels corresponding to the same scattering point. And the shape of the hyperbolic curve depends entirely on the rays travel time from scattering point to receiving points that means the hyperbolic curve relates only to the upgoing waves. The relative position of the source decides the value size of travel time of scattered waves, but not its shape, which is still hyperbola (Fig. 2) (Bancroft et al., 1998 (Bancroft et al., , 2001 .
We may also obtain the normal moveout of scattered waves, Where, t is the scattered wave travel time, t 0 is the scattered wave two-way travel time of scattering point vertical surface. 
Connection and difference between scattered waves and reflected waves
Assume there are more than one scattering points underground (collinear), as shown in Fig. 3a ., each one scattering point corresponding to a hyperbola, and the minimum value of hyperbola corresponding to the directly below of scattering point. Because of the existence of coherence, the energy of hyperbola in the outer envelope has been strengthened while the energy in the inner envelope is balanced by each other. If the continuity of scattering points in horizontal is good, there will be a continuous interface. Due to the coherent superposition effect of seismic response between each scattering point, the energy on the hyperbolic curves will interfere with each other and form a coherent band, and the energy in the outer envelope of hyperbolic curves enhances while the energy in the inner envelope of hyperbolic curves is canceled, so there will only be the energy in the outer envelope which is nearly hyperbolic characteristics at last, which is green dotted area in Fig. 3a .. Generally speaking, this seismic signal with the performance characteristics of nearly hyperbolic event on seismic profiles is generally considered reflected waves. In fact, this kind of wave field is not real "reflected waves", but the result of the scattered waves of each scattering point after interfering with each other, and there is a "reflection" with visual difference, therefore, it should be called "apparent reflected waves". Fig. 3b is the result of the time-distance curve of the model after NMO based on reflected wave time-distance hyperbolic curve equation. Note that the energy of scattered waves in the outer coherent envelope can be leveled with the conventional reflected wave technique, and subsequent level stacking processing may further enhance the energy of the "apparent reflected point" while improving SNR. However, the actual formation interface is unlikely a smooth continuous interface. Therefore, the stacking processing will not only reduce the resolution on vertical and horizontal, but also miss the not leveled scattered wave components, while the unleveled scattered waves also carry large useful geological information. Thus, for the seismic signal from non-level interface, there is a large defect for NMO and level stacking processing based on conventional reflected wave technique. The traditional processing techniques based on reflection theory will lose a lot of useful information related to details of structure, lithology and other geological attributes.
Applications to seismic data imaging
Based on the scattered wave kinematics principle, we proposed a scattering wave imaging method using the point scattering seismic-earth model. The basic principle of the method is to assume underground as numerous scattering points, then correct the normal moveout of scattered waves based on Equation 2 in shot gather domain based on time-distance law, and weightily stack all possible seismic response energy coming from the same scattering point. And so on, if all scattering points have been normal moveout of scattered waves and energy focusing, it also realizes the scattered waves imaging for the whole profile.
To evaluate the data quality processed by our proposed method, we apply it to a field 2D seismic dataset. Fig. 4 is Fig.1 . Time-distance curve of scattered waves. Fig.2 . Schematic between scattered wave propagation and its travel time.
the imaging results of the survey line with different methods in which Fig. 4a is the post-stack migration section, and Fig. 4b is the scattered wave imaging section. From the imaging results, the SNR of the post-stack migration section is relatively low with serious background noises, the continuity of events is relatively poor too, the imaging results of local anomaly are not ideal. But the lateral resolution and SNR of the scattered wave imaging section are relatively high, and its information is relatively finer. The geological structure features on the scattered wave imaging section in I and II area is much clearer than the post-stack migrated section. Due to shallow and large offsets, the information in Ⅲ area is lost on the post-stack migrated section because it is removed for excess of NMO, but the information in the area is retained completely on the scattered wave imaging section. In the deeper IV area (from 800 to 900 ms), seismic wave energy is relatively weak, coupled with limited coverage number, and valid information convergence is not complete, post-stack migrated section loses the part of the information completely, but a group of the events in the area is maintained on the scattered imaging section. Also, the multiples in the V area has also been effectively suppressed on the scattered imaging section.
Conclusions and discussions
We discuss the scattered wave kinematics law in the paper based on point scattering seismic-earth model, and use the law to solve the scattered wave imaging. We have obtained the conclusions as the following.
(1) Isolated geological body (scattering point) is the essential cause of scattered waves which exhibit the basic characteristics of the scattered wave propagation. Although the continuous medium is composed of many isolated scattering bodies, some of the most basic features of scattered waves may have destroyed because of interference phenomenon among seismic wave fields. Therefore, in order to obtain the scattered wave law of continuous medium, we must start with single point scattering.
(2) Scattered wave kinematic analysis shows that timedistance law of scattered wave meets the hyperbolic characteristics in 2D. The shape of the time-distance curve of scattered waves depends entirely on the ray travel time from scattering point to receiving point so the upgoing waves are the key of reflecting the characteristics of timedistance curve.
(3) Reflected waves are just one manifestation of scattered waves that is not a true sense of reflected waves in the traditional sense, but rather the result of scattered wave interference with each other, which can only be called "apparent reflected waves". Apparent reflected waves do not satisfy the generalized law of seismic wave propagation. A lot of seismic-geologic information will be lost if we use the traditional reflected wave processing technique to process the seismic wave field because there is no inversion of seismic attributes based on real geological propagation of seismic wave as well as artificial modification factor. In addition, the information is not focused on the scattering arc is also geological features with rich geological details. If we do not effectively use this information for imaging, the final imaging result will be not only a low SNR, but also there will be a big error, even get a wrong result. Scattering is the generalized response of geological bodies and propagation of seismic waves. So, we must adopt scattering theory and start from the generalized law of seismic wave propagation, and make best use of seismic waves carry information to solve geological problems if we want to accurately extract the response seismic information on geological body, and resolve the geological problems with complicated structure or non-uniformity outstanding.
(4) The imaging result of a set of a field seismic dataset supports our conclusions. The result of the scattered wave imaging is better than that from the reflection waves. Not only SNR is improved clearly, but also the geological structure information is rich.
